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In nature, nitrogen is commonly fixed as the most reduced form, ammonia (NH3) and as the most

oxidized form, i.e. nitrate ion (NO3 7). Nitrogenases catalyze the reduction of N, into NH; by using

protons and electrons with evolution of H,. However, the reason why the enzymes waste electrons
by evolving H; has yet to be clarified. We have previously reported (J. Am. Chem. Soc. 2002; 124: 597)
pH-dependent heterolytic cleavage of H, and subsequent reduction of NO3;~ with evolution of H,
by iridium complexes in water. We propose herein a catalytic mechanism of nitrogenases, which can
account for evolution of H; in the reduction of N, to NHj in relation to a mechanism of the reduction

of NO3 ™. Copyright © 2004 John Wiley & Sons, Ltd.
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REDUCTION OF N; BY NITROGENASES
WITH EVOLUTION OF H,

Nitrogenases are bacterial enzymes that catalyze the
reduction of dinitrogen (N,) to ammonia (NH;3) by using
protons and electrons at ambient temperature and pressure
in the presence of water.! X-ray crystallographic studies
have shown that the active site (FeMoco) of the enzymes
consists essentially of two incomplete cubane clusters, one
based on the Fe4S3 composition and the other based on the
MoFe3;S; composition, bridged by three u,-sulfide ligands
(Fig. 1).19-2* The active site is bound to the polypeptide via
Cys275 to the tetrahedral ion and His442 to the octahedral
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molybdenum. Homocitrate is also bound to the molybdenum
as a bidentate ligand.

The reduction of N, to NH; by nitrogenases accompanies
futile evolution of H,:1%>26

Ny + 8H*+8e~ —> 2NH;+H, 6))

An important question arises here: Why do the enzymes
waste the electrons as H, in order to reduce N, to NHj?
Figure 2 shows Hj-evolution pathways in the nitrogenase
reaction cycle proposed by Thorneley and Lowe.”’~3! The
reduced states of MoFe—protein are represented by E,. The
subscript n is the total number of electrons transferred to
the MoFe-protein. In the various states, only E;H; and
E,H,; can bind N, with evolution of H,. Based on these
enzymatic studies, it has been proposed that E;Hj is a
metal dihydride species represented by E;H,(H*'), which
is activated by protonation from an adjacent amino acid side
chain (Fig. 3, where M is the metal ion and the superscript n

).132 In this mechanism, H-evolution

is the oxidation number
occurs by the reaction of the hydride ligand with the proton
bound to the adjacent amino acid. In such a case, the resulting
species (M"-H) has a vacant coordination site at which N,
can be bound, although the oxidation number of the metal

ion remains the same after the evolution of Hj.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 1. A concept of building-block synthesis of the active
site in MoFe-nitrogenases (M = Fe, S = u»-sulfide ligand,
S = ug-sulfide ligand, Y =an unrecognized coordination
Site).10—15
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Figure 2. Proposed H,-evolution pathways in the nitrogenase
reaction cycle.?” %'
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Figure 3. A proposed Hs,-evolution from the reaction of
dihydride species with a proton bound to an adjacent amino
acid side chain.’%?
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In general, however, it is well known that metal
polyhydrides can bind molecules (L) by displacement of H,
through reductive elimination of Hy:3-%

M” H2 Mn72
/ \ #' Mn—2 L | (2)
H H reductive L
elimination

The oxidation number of the metal ion would be reduced
from n to n—2. Thus, the resulting reduced species (M"2)
has a vacant coordination site at which L can be bound
and reduced.

Such metal hydrides can be synthesized in the laboratory
by using H, as a convenient hydrogen source instead of
protons with electrons in the reaction cycle of nitrogenases.?
It is known that homolytic cleavage (oxidative addition)
of Hy is usually promoted by coordinatively unsaturated
metal ions whose oxidation number will increase by two
to produce metal dihydrides (Eqn. (3)). On the other hand,
heterolytic cleavage of H, results in the formation of metal
dihydrides that involve a net substitution of X~ (typically
anionic ligands) by hydride ligands (Eqn. (4)).3*® Thus, the
oxidation number of the metal ion remains the same. This
is an important difference from the homolytic cleavage of
H,. The metal dihydrides prepared by heterolytic cleavage
of H, are expected to have much stronger reducing ability
for reduction of small molecules than the metal dihydrides
prepared by homolytic cleavage of Hs.

Mn H, (= 2H* + 2¢e7) n+2
homolytic cleavage H/ H 3
(oxidative addition)
MP 2H, (= 4H" + 4e n
/ 2 ( ) /NK +2HX 4)

X X heterolytic cleavage H H

Figure 4 shows possible cycles for the release of two
electrons from hydride species prepared by heterolytic
cleavage of H,. The superscripts n and m show the
oxidation number of the metal ion (M) and the total charge
of the complexes respectively. Two electrons are released
from monohydride species without evolution of H, (cycle
A:H, — 2H" 4+ 2e7), whereas two electrons are released
from dihydride species with evolution of H, (cycle B: 2H, —
2H" + 2e” + Hy). In this context, we have previously reported
the first example of formation of a metal polyhydride complex
via hetelolytic cleavage of H, and subsequent reductive
elimination of H, from the metal polyhydride complex to
generate a reduced metal complex that can reduce nitrate
ions (vide infra).%

PH-DEPENDENT HETEROLYTIC CLEAVAGE
OF H, AND REDUCTION OF NO3;~ WITH
EVOLUTION OF H;

A water-soluble aqua complex [Cp*Ir'™(H,0);]** (1, Cp* =
n°-CsMes)*0# reacts with three equivalents of H, at pH 1-4

Appl. Organometal. Chem. 2004; 18: 589-594
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Figure 4. Possible cycles for release of two electrons
from monohydride species without evolution of H, (cycle
A: H, — 2HT + 2e7) or from dihydride species with evolution
of Hy (cycle B: 2Hy, — 2HT +2e™ + Hy).

under ambient conditions (0.1 MPa, 30 °C) to produce a water-
soluble dinuclear p,-hydride complex [(Cp*IrHI) 2(uo-H)s]™
(2) through heterolytic cleavage of Hj:

2+ H +
OH,
/ 3H, 7N\
2[M""—0H — (M MM+ 3H*+ 6H,0
\OH i H/{/ Te
2
1 2

The structures of 1 and 2 were unequivocally determined
by X-ray analysis (Fig. 5).% It was confirmed by '"H NMR
and electrospray ionization mass spectrometry (ESI-MS) that
the structure of 2 is preserved in the acidic aqueous solution.
Consumption of H, was measured by a constant-pressure gas
burette (Fig. 6). With the progress of the reaction, the pH of
the solution is decreased because of the heterolytic cleavage
of H, giving protons and 2. To establish the origin of the
hydride ligand of 2, the synthesis of 2 by a reaction of 1
with D, has been carried out. ESI-MS results indicate that the
deuterium atoms are incorporated in 2.

Hydrogen atoms bound to transition metals are tradition-
ally called ‘hydride ligands’, whether or not they display
any hydridic behavior. The general description of a bridging

Figure 5. (a) Crystal structure of 1. (b) Crystal structure of 2

that was obtained from a 0.1 M HNO3—-H,O (pH 1) solution of
2_39,40

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 6. Time course of Ho-consumption on the reaction of 1
(48 mg, 100 umol) with Hy (0.1 MPa) in HNO3;—-H,O (10 ml) to
yield 2 at pH 2 at 30 °C monitored by a constant-pressure gas
burette.®®

hydride ligand of dinuclear complexes is given in terms of a
three-center two-electron bond (represented as I in this paper,
where M is the metal ion and n is the oxidation number).*
However, a bridging hydride ligand may also have a protic
character when the oxidation number of the metal site is
reduced (represented as II in this paper).*~5!

MP MmN [ LA — M-
N
: :

Indeed, in aqueous media, the bridging hydride ligands
of 2 display protonic behavior. In the pH range 1 to 3,
complex 2 slowly undergoes isotope exchange, Eqn. (6),
through [M-(H),(D)-M]* and [M-(H)(D),-M]* species
M = Cp'Ir).
[M—(H)s-M]* + 3D* [M—(D)s-M]* + 3H* (6)
Figure 7 shows the pH-dependent 'HNMR spectra
changes of 2 from pH 1 to —1 at 30°C. In a pH range of
about —0.4 (2.5 M HNO;3;-H,0) to —0.8 (6.3 M HNO;-H,0),
complex 2 is insoluble because of the common ion effect
of NO;~. At pH —1 (10 M HNO;-H,0), a yellow powder
of 2 reacts with HNO; to give a pale-yellow solution of 3
with evolution of Hy, nitrogen monoxide (NO), and nitrogen
dioxide (NO,) gases. The structure of 3 was determined by
X-ray analysis (Fig. 8) and ESI-MS.
To establish the origin of the H, evolved the reaction of
2 with 10 M DNO3;-D,0 was carried out. Intriguingly, gas
chromatographic (GC) analyses show that the evolved gas
is H, not HD or D,. This clearly indicates that the evolved
H, is derived from the bridging hydride ligands of 2 rather
than from the reaction with D,0. Below pD 0.4 (pD = pH
meter reading + 0.4), the powder of 2 does not undergo H/D
exchange with D" (DNO;-D,0) before the intramolecular

Appl. Organometal. Chem. 2004; 18: 589-594

591



592

S. Ogo et al.

2
2

A pH 0.0 e
pH -0.4
)f' pH -0.8
pH —1.0
T T T T T T u T T T
20 18 16 -15.2 -15.6
ppm ppm

Figure 7. pH-dependent "H NMR spectral changes of 2
(8.6 mg, 5 umoal) from pH 1 to —1 (10 M HNO3-H,O, 1 ml)
for 1 h at 30°C.%°

Figure 8. Crystal structure of 3 that was obtained from a
10 M HNO3—H,O (pH —1) solution of 3.%8

H,-formation. In contrast, above pD 1.4, complex 2 is soluble
in DNO3;-D,0 and undergoes H/D exchange with D*. It
is important to note that the transformation of 2 to 3 does
not occur in saturated (ca. 10 M) NaNO3;—H,O. These results
suggest that, at pH —1, the reductive elimination of H,
is coupled with the reduction of NO;~ (Eqn. (7)), i.e. two
electrons from 2 are used for reduction of NOz™:

(+5) (+3)
NOz™ + 2H" + 267 ——= NO, +H,0 )

The pH-dependent reaction cycle of heterolytic cleavage
of H, and reduction of NO;~ by iridium complexes is
summarized in Scheme 1. In the pH range 1 to 4, complex 1
reacts with H to yield 2 as a result of the heterolytic cleavage
of H,. At pH —1, with the evolution of Hj, species 2 provides
electrons having the potential to reduce NO;~ into NO, ™~ and
is transformed into 3. To complete the reaction cycle, complex
3 is transformed into 1 by increasing the pH of the solution
from —1 to 1. Accordingly, it is possible to repeat the reaction
cycle using 1, H,, and a pH gradient between pH —1 and
pH1.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 9. A proposed mechanism for the reduction of N, with
evolution of Hy via bridging hydride species by nitrogenases.
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A PROPOSED MECHANISM FOR
REDUCTION OF N, WITH EVOLUTION
OF H,

In the case of nitrogenases, a metal dihydride species, which
has the same oxidation number as the starting metal complex,
may be formed by a four-electron reduction with two protons
rather than a two-electron reduction with two protons. Such
active dihydride species may have a bridging hydride ligand
at the position of Y and a terminal hydride ligand bound
to the molybdenum ion, as shown in Figure 9. Alternatively,
two bridging hydride ligands may be formed, as shown in
Figure 10. However, the structure of the dihydride species has
yet to be clarified.!? In any case, the reductive elimination of
H, from the dihydride species results in formation of metal
complexes in which the oxidation number is reduced by two.
Such an electron-rich metal complex, which is coordinatively
unsaturated, may have the potential to bind and reduce N,
with protons, as with the case of 2 in the reduction of NO3~
in Scheme 1. Thus, we think that the nitrogenases require the
evolution of H, by reductive elimination from the dihydride
species (not by the reaction of the dihydride species with
protons bound to an adjacent amino acid side chain) to
produce a low valent and coordinatively unsaturated metal
site which has the ability to bind and to reduce N,.
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Figure 10. Other possible structures for the active dihydride
species.
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